1. Introduction {#s0005}
===============

Off-road vehicles (ORV) can directly affect desert ecosystems through the fragmentation and loss of natural habitats within their tracks and the surrounding environments ([@b0085], [@b0045]). Such disturbances lead to changes in soil properties and vegetation composition, and consequently affect the ecological functions and services of desert landscape ([@b0220], [@b0265], [@b0080]). Therefore, exploring the nature and extent of changes induced by off-road vehicles and the practices for mitigating their negative impacts are necessary for maintaining and conserving of native biodiversity and ecosystem processes in arid regions ([@b0295], [@b0065]).

One of the most important ecological impacts of vehicular routes involves changes in hydrological patterns by redirecting rainfall water along roadsides ([@b0040]), and lead to a significant redistribution of soil moisture which is the main limiting factor for plant growth in desert landscape ([@b0180], [@b0100]). Because of their large mass, off-road vehicles can cause compaction of soil pores ([@b0420], [@b0390], [@b0425]). Therefore, the soils ability to absorb and retain water is reduced ([@b0320], [@b0100], [@b0005], [@b0255]). Microscopic organisms have no adaptability to mechanical disturbances such as ORD ([@b0035]). Thus, ORV decreases soil fertility by indirectly harming the microscopic organisms that would have otherwise break down the plant litter and release nutrients for plant growth ([@b0170]). [@b0245] indicated that soils close to roadsides had lower electrical conductivity than soils away from the road tracks. Off-road vehicle traffic has been reported to alter soil texture ([@b0045]), increase soil bulk density ([@b0185], [@b0270]), induce changes in soil EC and pH ([@b0430]) and reduce soil organic matter ([@b0270]). Such modification in these edaphic factors can contribute to direct and indirect impacts on the structure and diversity of plant communities ([@b0265], [@b0260]).

The most obvious physical impacts of ORV on vegetation include plant crushing, shearing, and uprooting ([@b0285], [@b0340]). Such destruction of vegetation in arid ecosystems can lead to land degradation and desertification ([@b0040], [@b0330], [@b0295]). Desert plant species exhibit varying degrees of vulnerability to vehicle use intensity ([@b0265], [@b0085]), which results in changes in vegetation composition, height, biomass, reproductive structures, cover and seedbank ([@b0250], [@b0260]). Besides the physical impacts on vegetation composition, ORV affects plant species diversity as different plant life forms respond differently to disturbance created by ORVs ([@b0300], [@b0265]). [@b0300] observed a decline in herbaceous and perennials under ORV use, while annuals were found to be more resistant to ORV damage than perennials ([@b0215], [@b0145]). Single passes by ORVs created tracks that became favorable microsites for annual species in deserts of Kuwait ([@b0085]).

Vehicular routes and their microhabitats are the primary pathway for plant invasions into arid and semi-arid ecosystems ([@b0090], [@b0380], [@b0230]), and threaten the survival and growth of native species ([@b0200], [@b0180], [@b0245], [@b0325]). [@b0200] showed that disturbances within vehicular route corridors facilitated the establishment of weeds and inhibited the growth of native species along sides of roads. [@b0245] found that road verges and its adjacent sides (0--2 m from the road verge) had higher frequency of non-native species compared to natural undisturbed areas (10 m away from the road verge). Moreover, vehicles serve as dispersal agents for alien plant propagules ([@b0355], [@b0410], [@b0325]).

Due to the negative impacts of off-road vehicles, much of the research and management policies have been directed towards controlling and restoring the affected areas, and maintaining ecosystem function in arid regions ([@b0295], [@b0195], [@b0255]). [@b0195] proposed reducing vehicle disturbances on roads to maintain local biodiversity in arid landscape. The potential of abandoned roads in United States desert was documented for the recovery and succession of native vegetation ([@b0065], [@b0235]).

During the last few years, off-road vehicles use is considered as one of the main recreation and leisure activities of the Arabian Gulf countries ([@b0085], [@b0020], [@b0255]). In Saudi Arabia, ORV driving is one of the leading contributors to land degradation in natural landscapes such as rangelands and nature reserves ([@b0030], [@b0020]), which is similar to other areas of the world ([@b0350]). Desert meadows (locally known as Raudhats), owing to their high vegetation diversity, represent the main natural reserves and national parks in the central and eastern regions of Saudi Arabia ([@b0010], [@b0025]). In order to reduce extensive ORV impacts in these desert meadows, several management practices have been introduced which include metal post fencing of the park main body. However, ORV prevails over a large area of the Raudhat outside the fence. To our knowledge, no detailed studies have been carried out for evaluating the impact of ORV on vegetation and soil of these attractive areas. We hypothesize that ORV will alter vegetation structure and physical and chemical soil properties leading to rangeland deterioration. Therefore, the main aim of current study was to quantify the effects of ORV on soil and vegetation in Raudhat Khuraim natural recreational park that is considered as one of the most extensively used ORV trails in Saudi Arabia ([@b0020]). Our objectives were to assess (1) how ORV affects vegetation, (2) the changes in soil properties in the different microhabitats as affected by ORV.

2. Materials and methods {#s0010}
========================

2.1. Study area {#s0015}
---------------

The study was conducted in Raudhat Khuraim natural park 100 km northeast of Riyadh (25.4 N, 47.26 E; [Fig. 1](#f0005){ref-type="fig"}). Like other desert meadows, Raudhat Khuraim is a land depression characterized by lush of vegetation due to collecting rainfall water and soil depositions from surrounding watershed systems ([@b0135]). Although limited in size (nearly 25 × 3 km), it harbors a great wealth of biodiversity ([@b0015], [@b0010]). Public motor vehicle traffic is not allowed inside the protected area fenced by mounted metal posts. The climate is classified as hyper-arid with average annual rainfall of 70 mm and mean temperature of 13 °C in January and 36 °C in July and August.Fig. 1Study site, Raudhat Khuraim in Riyadh region.

2.2. Soil sampling and analysis {#s0020}
-------------------------------

Five off-road vehicle tracks were randomly selected. To avoid overlapping, if two road tracks fell in close proximity (50 m), reselection was performed. Soil samples were collected to a depth of 50 cm from four microhabitats; tracks, inter-tracks, verge and undisturbed natural areas (10 m away from vehicle tracks) using six 0.5 m × 0.5 m quadrats in each microhabitat per road track ([Fig. 2](#f0010){ref-type="fig"}). Samples were air-dried and ground to pass a 2-mm (10-mesh) sieve for physical and chemical analysis. Soil texture was determined according to the method of [@b0190]; soil pH was determined using pH meter ([@b0310]). Soil electrical conductivity was determined according to the method of [@b0375]. Organic matter and carbon were analyzed according to the method of [@b0335]. Total phosphorus and nitrogen were determined according to [@b0345], [@b0075], respectively.Fig. 2Pictorial viewing of different microhabitats created by ORV in Raudhat Khuraim, Saudi Arabia.

Two additional soil samples in each quadrat from each microhabitat were collected to a depth of 15 cm to determine bulk density. The volume of excavated soil was measured, and soil samples were oven dried and weighed to determine bulk density ([@b0060]). The total porosity was calculated using the dry bulk density values and an assumed particle density of 2.65 g/cm^3^ ([@b0385]).

2.3. Vegetation measurements {#s0025}
----------------------------

Ten lines (each 20 m long) were placed perpendicularly to each off-road track and directing outward from the edge of each track. Five quadrats (1 m × 1 m) of 2 m apart were distributed along each line. Vegetation density and height were measured within each quadrat ([@b0155]). Vegetation canopy cover was determined using line intercept method ([@b0070]).

Additionally, for each off-road track species, density and cover were determined in the same microhabitats used to assess soil properties. Plant species were identified and classified into three life form groups (grasses, forbs, and woody shrubs). Plant nomenclature followed [@b0105], [@b0110], [@b0115], [@b0120], [@b0125], [@b0130].

2.4. Statistical analysis {#s0030}
-------------------------

Vegetation attributes (cover and height) were regressed against distance away from road tracks. Impact of ORV on vegetation and soil characteristics in microhabitats was analyzed in a randomized block design with the five lanes being the replicates. Data from transects and quadrats were averaged for each replicate. Analysis of variance was performed for soil and vegetation data ([@b0400]) using SPSS Version 16.0.

3. Results and discussion {#s0035}
=========================

3.1. Impact of ORV on soil properties {#s0040}
-------------------------------------

Off-road vehicle traffic altered soil texture in microhabitats with the immediate physical effect of passing traffic. Sand content increased in tracks and inter-tracks while soils of road verges had higher clay content ([Table 1](#t0005){ref-type="table"}). [@b0045] found similar results when soils were subjected to ORV disturbance. Soil bulk density was 38% higher under tracks compared to soils of undisturbed vegetation. Early, [@b0270] found that off-road vehicle traffic increases soil bulk density. Total porosity was 0.34 under track compared to 0.55 under natural undisturbed vegetation. These results are comparable those of [@b0270] under frequent vehicle passes.Table 1Soil physical and chemical properties in microhabitats created by off-road vehicle traffic in Raudhat Khuraim (Mean ± SD).Soil variableRoadNatural areaF-valuep-levelInter trackTrackVergeSand (%)73.97 ± 2.8374.18 ± 4.2530.70 ± 1.9449.80 ± 7.228.120.015Silt (%)15.00 ± 2.3412.50 ± 3.0624.30 ± 4.3222.50 ± 5.202.270.174Clay (%)11.03 ± 0.8313.33 ± 2.5845.00 ± 5.1227.70 ± 2.5014.540.003Bulk density (gm/cm^3^)1.754 ± 0.0631.752 ± 0.0921.688 ± 0.0821.197 ± 0.11912.95\<0.0001Porosity0.34 ± 0.0210.34 ± 0.0310.36 ± 0.0280.55 ± 0.01813.21\<0.0001EC (mS/cm)3.32 ± 0.055.45 ± 0.802.447 ± 0.241.32 ± 0.1113.210.004pH7.29 ± 0.047.21 ± 0.037.40 ± 0.057.44 ± 0.059.410.010Organic matter (%)1.21 ± 0.241.39 ± 0.131.59 ± 0.222.04 ± 0.322.840.125Organic carbon (%)0.70 ± 0.141.19 ± 0.190.92 ± 0.110.81 ± 0.072.840.125Total phosphorus (ppm)325.00 ± 46.25412.19 ± 64.59773.75 ± 53.54550.42 ± 64.933.090.019Total nitrogen (mg/kg)509.81 ± 88.66668.03 ± 119.46873.33 ± 167.45834.59 ± 179.711.230.349

Soil electrical conductivity was significantly higher in disturbed areas (3.32 mS cm^−1^ and 5.45 mS cm^−1^ in inter-track and track microhabitats respectively) compared to 1.32 mS cm^−1^ under natural undisturbed vegetation. Although significant, slight differences in soil pH were observed among microhabitats. Differences in soil EC and pH could be attributed to differences in soil texture (high sand content, see [Table 1](#t0005){ref-type="table"}) induced by ORV ([@b0360]). Organic matter and organic carbon were not affected significantly by ORV disturbance. Similarly, [@b0270] did not observe significant differences among several sources of soil compaction varying in intensity on organic matter in southern Nevada. Total phosphorus significantly increased in road verges by 40% over that of undisturbed vegetation. An explanation to that might be because phosphorus associated with smaller soil particles created under tracks and inter-tracks are deposited in road verges ([@b0280], [@b0175]).

Compared to verges and natural undisturbed vegetation, the other two habitats were lower in total phosphorus concentration. Total nitrogen was not significantly different among different habitats as a result of ORV. Similar results were reported by [@b0040] in a surface disturbed soil.

3.2. Effect of ORV on vegetation cover and height {#s0045}
-------------------------------------------------

Forb and grass cover was negatively associated with distance from off-road edges. Conversely, cover of woody species had a positive relation with distance from road verges ([Fig. 3](#f0015){ref-type="fig"}). This finding is in agreement with several findings in different environments ([@b0295], [@b0265], [@b0315]).Fig. 3Relationships between distance away from road verges and (A) Cover and (B) Height of grasses, forbs and woody species in Raudhat Khuraim as affected by off-road vehicle traffic.

The height of all growth forms (woody, forbs and grasses species) responded negatively to distance away from road tracks ([Fig. 3](#f0015){ref-type="fig"}, [Table 2](#t0010){ref-type="table"}). [@b0315] reported that long-term heavy machinery maneuvers alter the vertical structure of the community. Several studies reported a reduction in plant heights near road tracks (e.g. [@b0140], [@b0265]). However, in the present study, continuous heavy camel browsing away from road tracks could have offset the impact of ORV on the height of plant species.Table 2Summary of regression analysis of vegetation cover (%) and height (cm) along a gradient away from off-road tracks.Plant life formRegression equationR^2^P**Vegetation cover**Grasses*y = − 0.5685x + 11.89*0.88\<0.0001Forbs*y = −0.8901x + 27.15*0.95\<0.0001Woody shrubs*y = 0.9587x + 4.65*0.95\<0.0001  **Vegetation height**Grasses*y = − 1.3215x + 35.49*0.89\<0.0001Forbs*y = − 1.4719x + 62.19*0.89\<0.0001Woody shrubs*y = − 1.6299x + 104.11*0.89\<0.0001

3.3. Effect of ORV on vegetation composition {#s0050}
--------------------------------------------

Off-road vehicle driving has created local microhabitats; road verges, inter-tracks, and tracks. Away from dirt road tracks where vegetation was not disturbed, the bare ground cover was limited (9.2%). The majority of vegetation cover under these undisturbed natural areas is comprised of native species (80%). Cover of native species decreased under verge, inter-track and track microhabitats (27.5%, 16.5%, and 5% respectively) giving more opportunity for weeds to nourish as the intensity of disturbance increased. Bare ground was highest (84%) in track microhabitat while the cover of weeds was highest (55.8%) along road verges ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Bare ground cover and canopy cover of native and weed plant species in a non-fenced area in Raudhat Khuraim as affected by off-road vehicle traffic.

Numerous studies have revealed close positive relation between intensity of disturbance and weed invasibility ([@b0415], [@b0225], [@b0050], [@b0165], [@b0370], [@b0240]), while negative relations were observed between abundance of native species and weed invasibility ([@b0405], [@b0415], [@b0305], [@b0095], [@b0205], [@b0055]). [@b0085] found that ORV provided a favorable medium for the dominance of *Stipa capensis*; an annual noxious grass in the deserts of Kuwait. Similarly, in the present study, the cover percentage of native plant species was highest in the undisturbed area away from the road tracks. The intact native species cover is usually more resistant to invasion ([@b0160], [@b0210], [@b0275]). Another explanation is that native species were fully utilizing moisture and nutrients under undisturbed habitat and thus limiting invasibility away from the roadsides ([@b0365]). Our results are supported by a study conducted in a desert steppe in China in which [@b0170] found that cover of native plant species increased away from road verges.

The population density of the most abundant native species (*Anthemis deserti*, *Filago desertorum*, *Pulicaria undulata*, *Rhanterium epapposum*, *Rumex vesicarius* and *Plantago boissieri*) was reduced by ORV in different microhabitats. Reduction in density was highest under track followed by inter-track and road verges ([Table 3](#t0015){ref-type="table"}). *Anthemis deserti* density was reduced by 97% under track compared to undisturbed natural vegetation. Similarly, *Filago desertorum* density was reduced by 88.2% under road tracks compared to undisturbed natural vegetation. Density of *Pulicaria undulata* was reduced by 92.3% under track compared to undisturbed natural vegetation. *Rhanterium epapposum* was almost absent in road track habitat (99.5% reduction compared to undisturbed vegetation). The density of *Rumex vesicarius* and *Plantago boissieri* was reduced by 93% and 92.6% compared to undisturbed vegetation respectively ([Table 3](#t0015){ref-type="table"}). These results are in agreement with the observation of noticeable declines in herbaceous and perennial plants in sand dune habitat in California ([@b0300]) and other studies reviewed by [@b0295] in Mojave and Sonoran deserts of California.Table 3Density (plant/m^2^) of most dominant native and weed plant species under natural undisturbed vegetation and microhabitats created by off-road vehicle driving (Mean ± SD).SpeciesNatural undisturbed areaMicro-habitatsF-ValueVergeInter trackTrack**Native species***Anthemis deserti*85.3 ± 16.530.4 ± 8.418.4 ± 4.22.3 ± 1.262.28^\*\*^*Filago desertorum*60.2 ± 1555.3 ± 8.518.2 ± 5.17.1 ± 2.572.4^\*\*^*Plantago boissieri*42.1 ± 7.432.3 ± 4.510.4 ± 2.53.1 ± 0.9554.8^\*\*^*Pulicaria undulata*18.2 ± 4.55.1 ± 2.52.3 ± 3.51.4 ± 0.9522.4^\*^*Rhanterium epapposum*18.1 ± 5.410.1 ± 2.80.2 ± 0.010.1 ± 0.0212.8^\*^*Rumex vesicarius*60 ± 3.525.5 ± 5.512.3 ± 4.24.2 ± 2.572.5^\*\*^  **Weeds***Convolvulus pilosellifolius*18.3 ± 3.555.4 ± 5.512.7 ± 4.25.4 ± 1.438.4^\*\*^*Cynodon dactylon*28.2 ± 3.260.3 ± 8.580.1 ± 5.122.3 ± 2.862.4^\*\*^*Malva parviflora*35.5 ± 2.8122.4 ± 6.460.2 ± 4.118.6 ± 1.475.4^\*\*^*Melilotus indica*22.3 ± 1.264.1 ± 3.355.4 ± 4.218.2 ± 2.334.5^\*\*^*Polypogon monspeliensis*10.5 ± 3.442.6 ± 6.48.3 ± 2.51.4 ± 0.9525.4^\*\*^*Trigonella stellata*8.3 ± 2.418.7 ± 4.535.4 ± 3.15.6 ± 1.712.4^\*^

With Off-road vehicle traffic, weeds increased in abundance. The most abundant weeds were two perennials; *Convolvulus pilosellifolius* and *Cynodon dactylon*, three annual forbs; *Malva parviflora*, *Melilotus indica* and *Trigonella stellata* and one annual grass; *Polypogon monspeliensis* ([Table 3](#t0015){ref-type="table"}). Weed density varied in response to ORV in different microhabitats. Generally, weeds were most abundant in road verges and/or inter-tracks. Both *M. indica* and *C. pilosellifolius* increased by almost three folds in verges compared to undisturbed vegetation. Similarly, the density of *P. monspeliensis* increased over four folds in road inter-tracks compared to the undisturbed vegetation. The population density of *C. dactylon* was a three fold under inter-tracks compared to undisturbed vegetation. The density of *T. stellata* was 35.4 plants per m^2^ in road inter-tacks compared to only 8.3 m^−1^ under the undisturbed vegetation ([Table 3](#t0015){ref-type="table"}). [@b0290] have emphasized the role of ORV in spreading alien and weed species. Off-road vehicle traffic facilitate the spread of alien and weed species ([@b0325]). [@b0150] indicated that track verges created by ORV were suitable habitat for invasive weed communities.

Desert soils have high spatial heterogeneity in most important nutrients such as nitrogen and phosphorus. This heterogeneity is further exacerbated by intense disturbances such as ORV, thus has a strong impact on plant community structure ([@b0395]). The spatial distribution of plant species in the current study could be related to soil nutrient heterogeneity and/or alteration of soil moisture status as inferred from the impact of ORV on soil bulk density and porosity.

4. Conclusion {#s0055}
=============

Off-road vehicle driving has created local microhabitats (road verges, inter-tracks, and tracks) varying in species cover, density and composition. In these microhabitats, ORV altered soil texture, physical and/or chemical properties. Off-road vehicle had an impact on vegetation composition, cover, density and growth. Cover of native species decreased in all microhabitats, giving the way to weed encroachment (reaching as high as 56%). The ORV impact on density of native vegetation was species dependent and varied with habitat. *Rhanterium epapposum* was the most affected and was almost absent in road track habitat (99.5% reduction compared to undisturbed vegetation). The most abundant weeds in the study site were two perennials; *Convolvulus pilosellifolius* and *Cynodon dactylon*, three annual forbs; *Malva parviflora*, *Melilotus indica* and *Trigonella stellata* and one annual grass; *Polypogon monspeliensis*. Weed density varied in response to ORV in different microhabitats but generally increased compared to undisturbed areas. These changes in vegetation composition and structure coupled with alteration of soil properties because of ORV could be taken as indicators of land degradation leading to desertification in under fragile ecological conditions and intensive human activities in rangelands of Saudi Arabia.
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